Nllc/ ' Tracks Radial. Mea"., Vol. 16. No. 2/3. pp. 187-195. 1989 Inl. J. Radial. Appl .. I~slrum Abstract-The process by which neutrons transfer their energy to tissue is described, including the deposition of energy by secondary charged particle tracks in small sites; that is, microdosimetry and nanodosimetry. Three approximations are considered in order of increasing amounts of information on track structure: the continuous slowing-down approximation (CSDA), the straggling approximation, and the delta-ray approximation. Although simple approximations sometimes work quite well, much work remains to be done for very small sites, and for the inclusion of the effect;; of "passers" in the calculations.
INTRODUCTION
NEUTRONS interact with tissue or tissue-like materials through a two-stage process: (1) the neutrons interact with the nuclei of the medium generating secondary charged particles, chiefly p, IX, and C, N, and 0 recoil nuclei; and (2) the secondary charged particles traverse the medium, losing energy (slowing down) and interacting with the atoms of the medium chiefly through ejection of secondary electrons, ionizations and excitations, the description of which is the subject of track physics. The spectrum of energies with which the secondary particles are generated by the nuclear reactions we call the initial spectrum (an example for 2-MeV neutrons is given in Fig. 1 ). The average spectrum of the particles in the medium, which is the spectrum at the biologically-sensitive sites in the medium, we call the slowing-down spectrum (Caswell and Coyne, 1976; ICRU, 1983 ). An example of a slowing-down spectrum for 14.5-MeV neutrons is given in Fig. 2 . These spectra are useful in a number of applications other than microdosimetry, for example, for the application of the delta-ray model of cellular inactivation to neutrons (Katz and Sharma, 1973) , see Fig. 3 .
In microdosimetry we are concerned with the statistical variations in the absorption of energy in ~mall sites of the order of micrometers (Ilm) , whereas III nanodosimetry the site size is smaller, nanometers (nm), comparable to such structures as the DNA helix. Many questions arise and are being studied concerning the relation between the distributions and parameters of microdosimetry and nanodosimetry and ~he resulting biological effect (Goodhead, 1982; ~OSSI, 1985) . These important questions will not be dIscUssed further here.
CONSIDERATIONS OF GEOMETRY AND PHYSICS
For simplicity, the sensitive site is often taken as spherical, although cylindrical and ellipsoidal sites have been considered. Since the tracks of the heavy charged particles can usually be considered as straight, an analysis in terms of five kinds of track interactions with the site (or "cavity" due to the relation of this problem with cavity theory) has been useful. These interactions or tracks are called "insiders", "starters", "stoppers", "crossers", and "passers" (although the term "toucher" has also been used for the final category, see Fig. 4 ). If the cavity size is large compared to the particle range, "insiders" are the dominant events. If the cavity is small, "crossers" are the dominant tracks (Bragg-Gray condition). If the cavity is extremely small, few tracks will go directly through the cavity, and "passers"; tracks where the secondary electrons enter the cavity even though the main track is outside, dominate.
Continuous slowing-down approximation (CSDA)
In this approximation, the only feature of track physics that is considered is the stopping power or LET 00' which is the average rate of energy loss of the charged particle at a given energy. Using only the geometry of the cavity, as expressed in the chordlength distribution and the stopping power, we can calculate the lineal energy or "y" spectrum for a given diameter cavity (see Fig. 5 ). Note in this figure that the major peak in the spectrum at around 10 keV/llm, which is due to protons, is higher and narrower in the calculation than in the experimental measurements, an effect which we will demonstrate is ~. Note the strong dominance of the protons over the other charged particles in the slowing-down spectra, in part because the slowing-down spectrum contains a factor inversely propornuclear reactions taking place.
tional to the stopping power.
duc to neglect of straggling. Nevertheless, the very simple CSDA approximation usually does reasonably well in predicting the experimental data. At a low neutron energy, 144 keY, the CSDA approximation agrecs well with experimental data (Fig. 6 ). The proton ranges are comparable to the cavity diameter. BROERSE (1966) r .: B",RENDSEN &. BROERSE (1968) ~.,-
3. Survival curves of T-l human kidney cells irradiated with 14-MeV neutrons under oxygenated and anoxic conditions as measured by Broerse (1966, 1968) compared to the calculations of Katz and Sharma (1973) . The calculations used the initial spectra for secondary charged particles of Caswell and Coyne (1972) .
, Classification of track interactions with a sensitive biological site or cavity, As the site size becomes smaller. "crossers" and "passers" or "touchers" become the most important events,
Straggling approximation
In the straggling approximation we consider the energy loss of a particular track over a chord length to be equal to the energy deposition in the cavity for that track, with no explicit consideration of delta-ray effects, In Fig, 7 (a) we consider two particle tracks intercepting equal chord lengths in the cavity, In CSDA the energy depositions for particles, say protons, entering the cavity with the same energies would be equal for the two tracks, since the average stopping powers along the two tracks have the same variation, In the straggling approximation the energy .41-('~I , depositions would be different for the upper and lower tracks as given by the particular stochastic energy losses of the two tracks, Another consideration in these calculations we call "energy balance", For example, in a medium with uniform neutron fluence and spectrum over the region considered, the kerma (charged particle kinetic energy generated) must equal the absorbed dose,
where neE) is the initial spectrum of particles of energy E, and II (E) is the distribution of energy depositions E occurring in a cavity of volume V (assuming unit-density tissue), Comparison of these two integrals serves as a check on the numerical calculation. In the case of CSDA, condition (l) should be automatically satisfied. In the straggling approximation, using available distributions such as Landau and Vavilov, condition (I) is generally not satisfied. Using the Landau distribution, unless truncated, the right-hand integral in (I) becomes infinite. In the straggling approximation, one can use a triangular-shaped straggling function which is not quite correct but retains energy balance, or use truncated distributions.
Delta rays and straggling
In Fig. 7 £1 is the energy lost by the proton, and -£2 is the energy carried out of the sphere by secondary electrons. The upper track in Fig. 7 (b) has a non-zero £2' For the lower track, £2 is zero. Energy balance often does not hold for a single track. The delta-ray energy lost by tracks crossing the cavity is balanced by deposition of energy by delta rays entering the cavity from passers.
MICRODOSIMETRY CALCULATIONS INCLUDING STRAGGLING
A comparison of a CSDA calculation versus a calculation including straggling is given in Fig. 8 for 14.1-MeV neutrons where curve B is the CSDA calculation, and curve A is the straggled distribution using a triangular straggling distribution for the protons. By comparison with Fig. 5 we see that the straggled distribution for the proton peak is much closer to the experimental results.
In Fig. 9 , a Monte Carlo calculation including proton straggling for 2.1-MeV neutrons is compared to an experimental measurement for 2.18-MeV neutrons. The straggling function assumed is a Landau distribution. We see an overall satisfactory agreement, with the widths of the rather broad proton peak between about 20 and 150 keV/t<m being about equal in calculation and experiment. The experimental points below about 8 keV/t<m are due to photon contamination in the experiment not considered in the calculation. The points and curve above 150 keV/t<m are due to heavy particle recoils. The difference between experiment and calculation for the heavy particles is due partly to the effect of an increased W, average energy per ion pair, in the experiment not compensated for in this calculation, and partly due to poor statistics in the experiment at these values of y.
CALCULATIONS IN THE DELTA-RAY APPROXIMATION (NEGLECTING PASSERS)
In the calculations discussed here "crossers" are the dominant event. We have used the lognormal distributions for protons of Wilson et at. (1988) which are fitted to the Monte Carlo results including delta rays of their MOCA14 code. Their distributions have been normalized slightly to give energy balance for a single track (average of the distribution is the CSDA energy loss). In Fig. 10 the dashed line is the CSDA result for protons for a It<m cavity diameter. Heavier particles, not shown, are as in Figure 8 . The solid line is the delta-ray approximation result. Note that the CSDA proton edge at 150 ke V / Il m is increased to around 200 ke V / Il m due to the straggling effects.
In Fig. II is added a curve with symmetrical Gaussian straggling. This curve (dash-dot) is not far from the CSDA result, indicating why the CSDA approximation works well for cavities comparable to the range of the particles. Figure 12 shows CSDA and delta-ray approximation energy deposition curves for 14.I-MeV for a 100 nm spherical site, crossers only considered. These curves are not strikingly different from the Illm site distributions. We have also made some calculations for 10 nm, for which the results are not fully understood. It appears that passers must be included in calculations for very small sites before we can be confident of the results.
CALCULATION FOR WATER VAPOR FOR PROTONS AND NEUTRONS
An interesting Monte Carlo calculation for protons and neutrons has recently been reported by Berger (1988) cross section for water vapor of Wilson and Miller (1984) , including both proton energy loss straggling and transport of energy by secondary electrons. In these calculations the protons are assumed to have constant inelastic scattering cross sections along the path. In Fig. 13 Berger compares his complete calculations to the CSDA approximation for spheres of 200 nm, 400 nm, 111m, and 211m diameter irradiated by a broad IO-MeV proton beam. As the sphere diameter becomes smaller, the differences between the complete and the CSDA calculation increase markedly. Berger then treated the protons generated by neutrons by the quite good assumption of a flat initial spectrum of protons from zero to the neutron energy . His results for l4-MeV and 20-MeV neutrons are shown in Fig. 14 ,. OJ -r----------, drawing and the usual semi-logarithmic display in the lower drawing.
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SUMMARY
Track structure physics plays a major role in neutron microdosimetry and nanodosimetry. Although in some cases one can obtain satisfactory results by considering only stopping power (CSDA), as cavities become smaller and particle energies higher, it becomes increasingly necessary to consider straggling and delta rays. Much work remains to be done to include effects of passers, to consider more fully alphas and heavy charged particles, to consider cylindrical and other target shapes, and to produce detailed calculational results for a wide variety of neutron energies and sensitive volumes.
